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5-Hydroxymethylfurfural (HMF) is one of the most important platform molecules and could be transformed
into a variety of fuel additives and high value-added chemicals. Multiple catalyst systems have been
developed for the conversion of carbohydrates to HMF, but there are still unavoidable problems,
including high temperature and pressure, difficult recovery of solvent, corrosion of equipment, poor
catalyst circulation, etc. Herein, a new magnetic Fez04@SiO,@mSiO,-TaOPO, catalyst for the
preparation of HMF from fructose in 2-pentanol was developed. The structures of the catalysts were
characterized by FT-IR, TSM, EDS, SEM, XRD and VSM. The 2-pentanol solvent is not only conducive to
the production of HMF, but also enables the reaction to be carried out at a lower pressure. The highest

yield of HMF (85.4%) was obtained using 20 wt% catalyst under 10% substrate concentration (0.5 g of

Received 4th April 2022 o . . . .
Accepted 27th April 2022 fructose) at 120 °C for 3 h. The catalysts can be easily separated by magnetism. The slight decrease in
catalyst activity after 7 cycles was mainly due to the loss of catalyst during the cycle operation.

DOI: 10.1039/d2ra02182) Simultaneously, the total yield of HMF was 51.3% after scale-up to 15 g of fructose, showing the possible
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Introduction

Consumption of fossil resources has caused serious environ-
mental pollution and the energy crisis." Conversion of renew-
able biomass resources to produce fuels and chemicals has
attracted wide-scale attention.? 5-Hydroxymethylfurfural (HMF)
is one of the most important platform molecules and could be
obtained from the hydrolysis of hexose, e.g. glucose and fruc-
tose.®* HMF is not only one of the important platform molecules,
but also an important intermediate impacting many biological
processes including fermentation and anaerobic digestion.*® It
has very important biomass replacement value and potential
which made it known as the “sleeping giant”.® HMF could be
used as an effective drug for preventing and treating neurode-
generative diseases, cognitive impairment and cardiovascular
diseases. It could also be used to obtain furan derivatives with
different functions including optical activity, biodegradation,
and strong coordination ability. HMF could be further con-
verted into a series of liquid fuels, fuel additives and other
chemicals, like 2,5-dihydroxymethyl furan,” 2,5-dimethylfuran,®
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industrial application potential of this catalyst system.

5-alkanoyloxymethylfurfural,® 1,6-hexanediol and 1,2,6-hexane-
triol,** 3-(hydroxymethyl)-cyclopentanone,** 2,5-diformylfuran*
and 2,5-furandicarboxylic acid (FDCA).** FDCA has been listed
as one of the most important high value-added platform
molecules by the US Department of Energy.** It could be used to
prepare furan-based polyester material PEF, which was
considered as a superior alternative to petrochemical PET and
could be biodegraded."” Therefore; it is of great significance to
develop novel methods for the preparation of HMF and its
derivatives.*®

In recent years, extensive manuscripts and reviews were
published on the preparation of HMF." The reaction solvents
include pure aqueous phase,' organic solvents,"” biphasic
system® and ionic liquid,* etc. The catalysts mainly include
homogeneous catalyst (such as inorganic acid and metal chlo-
ride)* and heterogeneous catalysts (mainly including metal
oxide,>*** zeolite,” functional polymer,***” resin,”® carbona-
ceous catalyst,” ionic liquid,* etc.)*** Although these catalyst
system exhibited excellent catalytic properties for the conver-
sion of carbohydrates to HMF, but the higher reaction
temperature and pressure, lower substrate concentration,
complex preparation process of catalyst and difficulty of solvent
recovery were inevitable problems. Therefore, it is of great
significance to develop a catalyst system for preparation of HMF
with simple preparation method, mild reaction condition and
high substrate concentration.

As the important Lewis acid catalyst, tantalum oxides were
used in various conditions.*® However, pure oxides always show
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lower initial activity and generally require the reaction to be
carried out under harsh conditions. The tantalum-based phos-
phorylate can significantly increase Lewis acidity and thus
improve its catalytic performance.** Simultaneously, it was
found that alcohol solvents have important auxiliary effect on
the HMF production. Small molecules of primary alcohol
solvents not only promote the formation of HMF, but also lead
to the formation of numerous ether by-products. For the
branched chain alcohols, due to the existence of steric
hindrance, the ability to form of the hydrogen bond was weaker,
this was more favourable for the formation of HMF rather than
etherification by-products of HMF.*

Herein, a novel magnetic nanocomposite Fe;0,@Si0,@-
mSiO,-TaOPO, was developed as catalyst for the preparation of
HMF in 2-pentanol. The effects of catalyst species, reaction
solvent, reaction time and water content on the HMF yield were
investigated in detail. The structures of the catalysts were
characterized by FT-IR, TSM, EDS, SEM, XRD and VSM. Then
the catalyst circulation was carried out under the optimum
conditions, and the amplification effect of the catalytic system
was also investigated. This provided a promising method for
large-scale preparation of HMF.

Experimental
Experimental materials

All the chemicals used in the experiments were commercially
available. SnCl,, CrCl;, FeCl,-4H,0, FeCl;-6H,0, tetraethyl
orthosilicate (TEOS), NH;-H,0, hexadecyl trimethyl ammonium
bromide (CTAB), tantalum ethoxide, bi-tartaric acid,
(NH,4),HPO,, NH,NO3;, NaOH, p-fructose, AlCl;, Al(NO;);, HCI,
H;PO,, Amberlyst-15, Ta,Os were purchased from Aladdin
Reagent (Shanghai) Co., Ltd. Isopropanol, n-propanol, n-butanol,
tert-butanol, n-pentanol, 2-pentanol, neopentanol, tetrahydro-
furan (THF), methyl isobutyl ketone (MIBK), dichloromethane
(DCM), dichloroethane (DCE), dimethyl sulfoxide (DMSO), N-
methylpyrrolidone (NMP), ethyl acetate, n-hexane, toluene were
purchased from Sinopharm Chemical Reagent Co., Ltd. Pure
water was purchased from Wahaha, Hangzhou.

Preparation of catalysts

Preparation of Fe;O, magnetic nanoparticles.*® All opera-
tions in this step were carried out under N,. 100 mL 0.2 mol L™*
FeCl;-6H,0 aqueous solution was added to 100 mL 0.1 mol L™*
FeCl,-4H,0 aqueous solution containing 0.85 mL concentrated
hydrochloric acid under stirring. The above solution was slowly
added dropwise to 250 mL of NaOH solution (1.5 mol L) at
60 °C, and stirred for another 30 min. The reaction solution was
cooled to room temperature. The resulting precipitate was
separated from the reaction mixture using an external magnetic
field. The solid was washed three times with 50 mL of deionized
water and twice with 50 mL of anhydrous ethanol. The obtained
solid was vacuum-dried at 60 °C overnight to obtain Fe;O,
magnetic nanoparticles.

Preparation of Fe;0,@Si0,@mSiO,.>” Magnetic core-shell

mesoporous nanocomposites Fe;0,@Si0,@mSiO, were
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synthesized by a modified Stober method. 1.0 g of Fe;0,
magnetic nanoparticles were added to 10 mL of HCI solution
(0.1 mol L™"), and ultrasonically dispersed for 5 min. The
magnetic solid was isolated and washed three times with 25 mL
of deionized water. Then the solid was added to a mixed solu-
tion containing 64 mL of absolute ethanol, 16 mL of deionized
water, and 2 mL of ammonia water, and dispersed by ultrasonic
for 5 min. 5 mL of TEOS was added dropwise, and the reaction
was continued for 6 h. The solid was isolated and washed to
neutrality with deionized water and absolute ethanol, respec-
tively. The obtained solid was vacuum-dried at 60 °C for 12 h to
obtain nanoparticles coated with SiO, layer (Fe;0,@SiO,).

Fe;0,@Si0, was added to a mixed solution containing
40 mL of absolute ethanol, 50 mL of deionized water and 1.0 mL
of ammonia water, and ultrasonically dispersed for 5 min. 2 g of
CTAB was added to the above suspension, and the reaction was
stirred for 30 min. Under vigorous stirring, 3 mL of TEOS was
added dropwise, and the reaction was stirred at 50 °C for 6 h.
The solid was separated, washed three times with deionized
water and absolute ethanol, and dried under vacuum at 60 °C
for 6 h. The obtained solid was dispersed in 6 g L~" ammonium
nitrate—ethanol solution, after stirring at 60 °C for 2 h, the solid
was separated with a magnet. Repeated the above operation 3
times to remove the CTAB, the obtained solid was washed three
times with absolute ethanol, and then vacuum-dried at 60 °C for
6 h to obtain a magnetic core-shell mesoporous nanocomposite
Fe;0,@Si0,@mSiO,.

Preparation of tantalum tartrate solution. 1.22 g (3 mmol) of
tantalum ethoxide was dissolved in 10 mL of absolute ethanol
and stir to dissolve until clear. 1.35 g (9 mmol) of tartaric acid
was slowly added to the above solution with stirring for 5 min.
Ethanol was atmospherically evaporated to constant volume at
80 °C and light yellow colloidal tantalum tartrate was obtained.
10 mL of deionized water was added to the above solution to
obtain a tantalum tartrate solution.

Preparation of Fe;0,@Si0,@mSiO,-TaOPO,. 1.39 g of dia-
mmonium hydrogen phosphate (10.5 mmol) was dissolved in
5 mL of water (theoretical P/Ta ratio was 3.5). The solution was
slowly added to the tantalum tartrate solution and stirred
uniformly at 35 °C. 2.5 g Fe;0,@Si0,@mSiO, was added to the
above solution and stirred at 35 °C for 1 h. The solution was
evaporated to dryness in a 130 °C oven for 24 h. Then it was
cooled to room temperature to obtain a gray-brown blocky solid.
The solid was ground into powder and washed three times with
50 mL of deionized water and 50 mL of anhydrous ethanol
under ultrasonic, respectively. The solid was dried in a forced
air oven at 60 °C for 6 h, and then calcined at 650 °C for 6 h in
a muffle furnace under an air atmosphere (air flow rate 0.5
mL min ') at a heating rate of 2 °C min '. The supported
tantalum phosphate magnetic nanocomposite Fe;0,@SiO,@-
mSiO,-TaOPO, was obtained.

Catalyst characterization

Fourier transform infrared spectroscopy (FT-IR) was measured
on a Thermo Fisher Nicolet iS10 Microscopic Infrared Fourier
Spectrometer with a resolution of 2 cm ™" and a spectral range of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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4000-500 cm . Scanning Electron Microscopy (SEM) and
Energy Dispersive Spectrometer (EDS) were tested with
a Gemini 500 electron microscope at an operating voltage of
3.00 kv. Transmission Electron Microscopy (TEM) was tested
with a Talos F200X electron microscope at an operating voltage
of 200 kV. X-ray diffraction (XRD) patterns were tested on an
X'pert PRO MPD X-ray diffractometer equipped with a Ni-
filtered Cu-Ko. radiation source with A of 1.540598 A, oper-
ating voltage of 40 kV, and operating current of 200 maA, the
scanning range of 26 angle was 20-80°. The magnetic properties
of the samples were analyzed using a Quantum Design MPMS 3
magnetic measurement system at a temperature of 300 K and
a magnetic field strength of +3 T.

Typical experiment and product analysis

0.5 g of fructose, 0.5 mL of H,0, 0.1 g of catalyst, 4.5 mL of
organic solvent were added to the 10 mL Schlenk tube. The tube
was placed in oil bath pot at a certain temperature and reacted
for a certain time. The reaction was cooled to room temperature
after the reaction. The catalyst was separated by a magnet, and
the reaction solution sample was diluted with water to constant
volume. Samples were centrifuged for HPLC analysis. HPLC
analysis was performed using an Agilent 1100 liquid chro-
matograph equipped with an Agilent Zorbax reversed-phase C18
column (300 x 4.6 mm, 5 pm) and UV detector. The wavelength
was 284 nm, the mobile phase was methanol and water (v/v =
20 : 80), the flow rate was 0.6 mL min~ ', and the column oven
temperature was 30 °C.

The yield of HMF was calculated according to the following
formula:

Y (%) = ME o 100%
Nfructose

Nructose: MOl of fructose before reaction and nyyp: mol of HMF
after reaction.

Catalyst circulation experiment procedure

The Fe;0,@Si0,@mSiO,-TaOPO, can be separated by magne-
tism conveniently. The operation of catalyst cycle was as
follows: after the reaction was completed, the catalyst was
separated using a magnet, and washed with ethanol for several
times, dried in a vacuum at 60 °C overnight, and then reused for
the next cycle.

Scale-up experiment procedure

Fructose (15 g), water (15 mL), 2-pentanol (135 mL) and Fe;-
0,@Si0,@mSiO,-TaOPO, (3 g, 20 wt%) were added to the
500 mL flask with stirring. The mixture was stirred at 120 °C for
3 h. At the end of reaction, the temperature was cooled down to
room temperature. The catalyst was separated by a magnet and
the solvent was filtered to remove the insoluble by-product of
humins. The filtrate was concentrated in vacuum to obtain the
crude HMF. The crude product was purified by flash column
chromatography (EtOAc/petroleum ether = 1 : 1).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Results and discussion
Catalyst characterization

The FTIR spectra of the material intermediates involved in the
catalyst preparation process were shown in Fig. 1. All samples
had a broadband absorption peak at 3427 cm™ ', which was
attributed to the antisymmetric stretching vibration absorption
peak of the O-H bond of water on the surface of the nano-
particles. The absorption peak at 1633 cm™ " belonged to the
O-H bending-stretching vibration absorption peak in water,
and these active hydroxyl groups also affected the acidity of
catalyst. The absorption peak at 580 cm ™ was the stretching
vibration absorption peak of Fe-O. Compared with the IR
spectra of Fe;0y4, a new absorption peak at 797 cm ™' ascribed to
the symmetrical stretching and bending vibration of Si-O bond
were detected in the spectra of Fe;0,@Si0,@mSiO, and Fe;-
0,@Si0,@mSi0,-TaOPO,. The strong and broad absorption
peak at 1092 cm ™' was the antisymmetric stretching vibration
absorption peak of Si-O-Si, indicating that Fe;O, nanoparticles
were complexed with SiO,. After loading tantalum phosphate on
Fe;0,@Si0,@mSiO, catalyst, absorption peaks attributed to
Ta-O stretching vibration peak and the asymmetric stretching
vibration of the P-O bond in the phosphorus group appeared at
655 cm™ " and 1050 cm ™', respectively.® The absorption peak at
797 ecm~ " was slightly weakened in Fe;0,@SiO,@mSiO,-
TaOPO, compared to that of Fe;0,@Si0,@mSiO,. This may be
attributed to the weakening of symmetric stretching and
bending vibration absorption peaks of the corresponding Si-O
bonds after loading the tantalum phosphate on the surface of
outer Si layer.

The TEM and SEM images of Fe;0,@SiO,@mSiO,-TaOPO,
were showed in Fig. 2. The TEM images showed that the catalyst
had a uniform spherical structure, and the particles were
slightly agglomerated due to magnetism (Fig. 3a). Individual
spherical complexes were about 200-300 nm in diameter. The
innermost Fe;O, spherical core, the middle silicon support
layer and the outer silicon shell can be clearly distinguished
from the partially damaged spheres in the SEM image (Fig. 3b).
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Fig.1 The FTIR spectra.
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Fig. 3 EDS spectra of Fez0,4@SiO,@mSiO,-TaOPO,.

The middle-layer silicon structure of the composite material
was dense, which mainly played the role of stabilizing the
morphology of catalyst and protecting the magnetic core. The
composite has more active sites due to the orderly distributed
pore structure in the outer silicon layer, which can increase the
porosity and specific surface area of the whole material.

It can be observed from the distribution of elements that Fe,
O, Si, N, Ta, and P elements were existed in the catalyst (Fig. 3).
The spherical contours mapped by Ta and P elements basically
coincide with the contours of the spheres in the SEM image,
showing that the two elements were uniformly distributed on
the surface of spherical catalyst. In the maps of Fe and O
elements, in addition to the obvious spherical catalysts, the
exposed cores of damaged spheres were accumulated around
the spheres. The map shows that it was mainly composed of
ferrite, and it should be that the Fe;O, inner core of the
composite was magnetically affected and aggregated around the
spherical catalyst. The silicon layer loaded with tantalum
phosphate is scattered evenly after being broken. The distri-
bution of Ta element was consistent with P element and Si
element, which proved that tantalum phosphate was success-
fully loaded in the pores of the silicon layer on the surface of
Fe;0,@Si0,@mSiO,-TaOPO,. The O element distribution was
consistent with the Fe element contained in the Fe;O, core,
which also proved the positional relationship between the
components in the catalyst.

The results of EDS spectra showed that the content of Ta and
P in this region of the catalyst were 12.81 wt% and 1.82 wt%,
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respectively. The P/Ta value of the Ta and P element was 0.85.
Xing et al. reported that the catalyst possessed a moderate ratio
of Bronsted acid sites and Lewis acid sites with the P/Ta ratio of
tantalum phosphate was 0.8-0.9.>° Zhang et al. proposed that
the acidity of the catalyst is the strongest when the P/Ta value of
the tantalum phosphate catalyst is 0.8-0.9.* Therefore, the P/Ta
ratio of the prepared catalyst was in a more suitable range,
which made the catalyst have better acid activity.

The sharp peaks at 30.32°, 35.62°, 43.32°, 53.76°, 57.22° and
62.78° in the Fig. 4. Corresponded to the characteristic
diffraction peaks of (220), (311), (400), (422), (511) and (440)
crystal planes of Fe;O,, respectively (standard card number:
JCPDS no. 19-0629).** The characteristic diffraction peaks of the
XRD patterns belonged to Fe;0,@SiO,@mSiO, and Fe;0, did
not change significantly. This showed that the SiO, coating on
the surface of Fe;O, nanoparticles didn't change the crystal
structure of Fe;O,4. The intensity of the characteristic peak
belonged to the (311) crystal plane was slightly weakened by the
encapsulation of SiO, shell. The characteristic peaks at 22-26°
belong to the amorphous peaks of SiO,, indicating that the
nanoparticles were composite structures composed of Fe;O,
and SiO,. The intensity of all characteristic diffraction peaks
were obviously weakened, the width were obviously increased
and no new characteristic absorption peaks were found in the
XRD patterns of Fe;0,@Si0,@mSiO,-TaOPO,. This may be due
to the higher loading of TaOPO, on the outer layer of Fe;O,@-
Si0,@mSiO,-TaOPO,. The TaOPO, formed during high-
temperature calcination was in an amorphous state, which
makes the characteristic absorption peaks of other components
of the composite insignificant.

The magnetization change curve of the catalyst was also
investigated and shown in Fig. 5. The three investigated parti-
cles have no hysteresis loops and exhibit superparamagnetism.
The saturation magnetization of Fe;0,@Si0,@mSiO, (Fig. 5b)
decreased slightly and remained at 55.9 emu g~ " after Fe;0,
nanoparticles were encapsulated by SiO, layer. The saturation
magnetization of Fe;0,@Si0,@mSiO,-TaOPO, (Fig. 5c)
decreased slightly to 48.8 emu g™ ! after loading TaOPO, in the
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—— Fe,0,@Si0,@mSi0,-TaOPO,
f\
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Fig. 4 XRD patterns of catalysts.
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mesoporous structure of Fe;0,@Si0,@mSiO, (Fig. 5b). This
indicated that the catalyst had superparamagnetism and could
be easily separated under external magnetic field. The influ-
encing factors of the hydrolysis of fructose to HMF by using
Fe;0,@Si0,@mSiO,-TaOPO, as a catalyst were investigated in
order.

Catalyst screening

The effect of various catalysts including SnCl,, CrCl;, FeCls,
AlCl;, Al(NO,);, HCl, H;PO,, Amberlyst-15, Fe;0,@Si0,@-
mSiO,-TaOPO,, Fe;0,@Si0,@mSiO,, TaOPO, and Ta,05; on
the conversion of fructose to HMF in isopropanol were inves-
tigated initially and the results were listed in Fig. 6. The reaction
procedures were outlined in the experiment above. The yield of
HMF was lower by using SnCl,, FeCl;, Al(NO3);, H3PO, catalyst,
and the yield was 36.0%, 22.5%, 3.1%, 35.4%, respectively. The
yield of HMF was 67.4% and 61.2% by using CrCl; and AlCl;
catalysts, respectively which showed a good reactivity in the
existence of Cr** or AI*" in isopropanol. It was consistent with
the literature that the stronger promoted hydrolysis effect by
using CrCl; and AICI; catalysts for the conversion of fructose to
HMF.* The yield of HMF by using Al(NO;); as catalyst was
significantly lower than that by using AICl; as a catalyst. The
probable reason was that the existence of C1I~ was beneficial to
the conversion of fructose which was similar to the effect of
adding sodium chloride and choline chloride.** 81.1%, 76%
and 43% yield of HMF was obtained by using HCI as catalyst at
120 °C, 100 °C and 80 °C, respectively, which was comparable to
that reported by Zhang et al.** No obvious etherified product
was observed during the reaction. This indicated that the
homogeneous catalyst HCl can significantly promote the
formation of HMF, which have been confirmed in several re-
ported systems.*> However, it is difficult to recycle HCI directly.
Zhang et al. reported a decrease yield of HMF during solvent
recycle using HCI as a catalyst in an isopropanol system, which
was mainly attributed to the loss of HCl during rotary

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Effect of catalyst species on the yield of HMF. Reaction
conditions: 0.5 g of fructose, 5 wt% of catalyst, 0.5 mL of H,O, 4.5 mL
of isopropanol, 120 °C, 3 h. HCI-1: reaction at 120 °C; HCI-2: reaction
at 100 °C; HCI-3: reaction at 80 °C.

evaporation.* With the additional amount of HCI catalyst, the
yield of HMF did not change significantly with the increase the
number of solvent cycles. This showed that the HCI catalyst was
easily lost during the circulation process. The yield of HMF was
55.9% by using Amberlyst-15 catalyst.

Surprisingly, the yield of HMF was 78.3% by using the Fe;-
0,@Si0,@mSiO,-TaOPO, catalyst. This may be due to the
moderate acidity of the catalyst. Meanwhile, the larger surface
area of the outer mesoporous structure could also increase the
contact between fructose and catalyst to promote the hydrolysis
reaction.*® The yield of HMF decreased to 63% with TaOPO,
catalyst, which indicated that the supported TaOPO, has
a higher catalytic effect. The yield of HMF was only 4% by using
Fe;0,@Si0,@mSiO, as catalysts, this confirmed that the sup-
ported TaOPO, in the outer pores of Fe;0,@SiO,@mSiO,-
TaOPO, was the crucial active centre for the hydrolysis reaction.
Correspondingly, the acidity of the outer SiO, layer alone was
not enough to catalyze the efficient hydrolysis reaction. Zhang
et al. described the application of magnetic catalysts in the
conversion of biomass to chemicals and fuels.** The introduc-
tion of magnetic carriers with core-shell and mesoporous
structures can increase the specific surface area and reaction
sites of the catalyst, thereby improving the reaction efficiency.
This conclusion is also consistent with our experimental
results.

Reaction solvents

The reaction will be carried out under a certain pressure with
the increase of reaction temperature due to the use of iso-
propanol solvent with low boiling point. In order to carry out the
reaction at low pressure and to simplify solvent recovery, the
effect of solvent species on the hydrolysis reaction was investi-
gated subsequently.

RSC Adv, 2022, 12, 13251-13260 | 13255
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The effect of solvents on the yield of HMF was investigated
and the results were showed in Fig. 7. The yield of HMF was
46.8%, 43.2% and 35.7% by using n-propanol, n-butanol and »n-
pentanol as solvent, respectively. This was primarily due to the
easily promoted conversion of HMF to ether compounds with
primary alcohol as solvents.”” AVA company reported produc-
tion of FDCA from carbohydrates by using HMF ether products
as raw materials.*® In the literature, the main products were
more 5-methoxymethyl-2-furfural (MMF) or 5-ethoxymethyl-2-
furfural (MMF) rather than HMF in methanol or ethanol
solvents.* The yield of HMF was 39.6% by using tert-butanol as
solvent. It has been reported in the literature that the solvent
tert-butanol can not only act as a hydrogen donor to promote
dehydration of xylose to furfural, but also inhibited the poly-
merization and decomposition side reactions of furfural.*

The yield of HMF (84.1%) was higher in 2-pentanol solvent
than that of isopropanol. This might be due to the following
reasons: (1) a good extraction effect of HMF in the process of
reaction suppressed the oligomerization and deep hydrolysis of
HMF; (2) 2-pentanol had a larger spatial steric resistance than
that of isopropanol, so it could suppress the formation of
etherification products. The formation and transformation rate
of intermediates could be affected by hydrogen bonds with an
alcohol solvent. Because of the existence of steric hindrance, the
branched chain alcohols had a positive effect on the production
of HMF than that of the primary alcohols.’* Using neopentanol
as a solvent, the yield of HMF was only 33.2%, and this was due
to its primary alcohol structure. The yield of HMF was 32.5%
and 37.2% by using THF and MIBK as solvents, respectively.
THF and MIBK showed good effects on the conversion of fruc-
tose to HMF in various catalytic systems.>® The reaction effect of
chlorinated solvent DCM and DCE was poor, which was mainly

100
[ Yield of HMF
80
R
<
w -
= 60
I
-
(=]
°
° 40
>
20 4
o snliEN
S > O & XK F ‘o o R >
ko&ogoq‘b‘\\)"f $° 0&&0&0&&(\ S @\% & @6 & %\w \’PQ
b - gl - \
'\9°Q “’Q N ’VQQ(&O t'l/’Q

Solvent species

Fig. 7 Effect of reaction solvents on the yield of HMF. Reaction
conditions: 0.5 g of fructose, 0.1 g of Fez0,@Si0O,@mMSiO,-TaOPOy,
0.5 mL of H,0, 4.5 mL of solvent, 120 °C, 3 h. [*] The reaction solvent
system was 0.5 mL saturated NaCl solution and 4.5 mL 2-pentanol.
THF: tetrahydrofuran; MIBK: methyl isobutyl ketone; DCM: dichloro-
methane; DCE: dichloroethane; DMSO: dimethyl sulfoxide; NMP: N-
methylpyrrolidone.
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due to the low solubility of fructose and formation of chlori-
nated by-products. The yield of HMF was only 15.1% in toluene,
which was mainly attributed to the low solubility of fructose and
HMF in toluene solvent. The solubility of fructose, HMF and
humins were excellent in DMSO and NMP solvents which have
high boiling points. 85.6% and 78.9% yield of HMF could be
obtained in DMSO and NMP respectively. The boiling point of
DMSO, NMP and 2-pentanol were 189 °C, 202 °C and 119 °C,
respectively.”® However, the recovery of these two solvents and
the separation of HMF were difficult®® 2-pentanol was still
selected as the solvent for subsequent reactions because of its
lower boiling point, easily recovery and product separation.

The low yield of HMF in water was mainly due to the poor
stability of HMF in high temperature, and the side reactions
such as oligomerization and degradation have been occurred.®
The yield of HMF (77%) decreased slightly by using the mixed
solvent system of saturated sodium chloride and 2-pentanol.
This may be due to the stratification of the reaction solvent
caused by the use of saturated sodium chloride solution, which
slowed down the reaction speed, resulting in a slight decrease in
the yield of HMF. Then the effects of other reaction parameters
on the yield of HMF were investigated in 2-pentanol.

Water content

The presence of water was very important for the conversion of
hexoses to HMF. Appropriate water content was beneficial to
obtain high yield of HMF. Therefore, the effect of water content
on the yield of HMF at different reaction temperature was
investigated and the results were indicated in Fig. 8. 41.7%,
66.8%, 75.9% and 65.8% yield of HMF were obtained without
additional water at 100 °C, 110 °C, 120 °C and 130 °C, respectively.

The yield of HMF was not very low by using Fe;0,@SiO,@-
mSiO,-TaOPO, catalyst in 2-pentanol without added water, this
was because the generated water in the hydrolysis reaction
further promoted the reaction. Meanwhile, HMF was mainly
extracted into the organic layer because 2-pentanol was insol-
uble in water. When the content of added water was 5%, the

[ 100°C [N 110°C [Nl 120°C [ ]130°C
100

Yield of HMF/%
3 3
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Fig. 8 Effect of water content on the yield of HMF. Reaction condi-
tions: 0.5 g of fructose, 0.1 g of Fez0,@SI0,@mMSIiO,-TaOPO,4, 5 mL
total solvent volume (H,O: 2-pentanol), 3 h.
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yield of HMF increased to 50.3%, 69.4%, 80.7% and 67.8% at
100 °C, 110 °C, 120 °C and 130 °C, respectively. The content of
added water was 10%, the highest yield of HMF was 84.1% ob-
tained at 120 °C. The yield of HMF increased at all temperatures
except 130 °C, this indicated that increase of added water content
was beneficial to HMF yield. However, the higher temperature
was not conducive to the retention of HMF, mainly due to the
substantially side reactions such as oligomerization and degra-
dation in the presence of water under higher temperature.”®
When the content of added water was 20%, the yield of HMF
decreased to 75.8% and 59.7% at 120 °C and 130 °C, respectively.
The yield of HMF was not significantly affected at low tempera-
ture (100 °C, 110 °C) because of the HMF could remain stable in
the solution with certain water content at lower temperature.
HMF could be effectively extracted into the organic layer, and the
further degradation of HMF to levulinic acid and formic acid
could be avoided.* Further increased the added water content to
40% and 60%, the yield of HMF decreased sharply at all
temperatures except at 100 °C. Ulf PriifSe has reported that the
rehydration of HMF to levulinic acid and formic acid was fav-
oured with increasing content of water in the low-boiling solvent
HFIP.* Simultaneously, it was observed that the yield of HMF
remained stable in a range of water content (0-20% water
content) at 110 °C and 120 °C. Therefore, the appropriate water
content was beneficial for the hydrolysis of carbohydrate to HMF.
The optimum water content is 10%.

Catalyst amounts

The presence of a catalyst can not only promote the conversion
of fructose to HMF, but also promote the occurrence of oligo-
merization and deep hydrolysis reaction. The conversion of
fructose to HMF in the presence of different amounts of catalyst
was showed in Fig. 9. 6.0%, 11.0%, 27.7% and 46.4% yield of
HMF could be observed with 0.05 g (10 wt%) catalyst at 100 °C,
110 °C, 120 °C and 130 °C, respectively. This indicated that high
temperature promoted the production of HMF in the presence
of lower catalyst amount. Increasing the amount of catalyst to
0.075 g (15 wt%), the yield of HMF increased to 22.3%, 33.8%,
52.2% and 77.3% at 100, 110, 120 and 130 °C, respectively. The
yield of HMF increased with increase of catalyst amount to
0.075 g (15 wt%) at 100 °C and 110 °C.

The highest yield of HMF reached to 84.1% at 120 °C with the
catalyst amount was increased to 0.1 g (20 wt%). But the yield of
HMF decreased slightly to 63.7% at 130 °C. The yield of HMF
increased slightly with the increase of catalyst amount (0.125 g
(25 wt%), 0.15 g (30 wt%)) at 100 °C and 110 °C. Correspond-
ingly, the yield of HMF decreased obviously and insoluble
humins were observed at 120 °C and 130 °C. This indicated that
the stability of HMF was better at lower reaction temperature
with the increase of catalyst amount. The further degradation of
HMF was related to increased reaction temperature. Therefore,
the optimal catalyst amount was 0.1 g (20 wt%).

Substrate concentration

The effect of substrate concentration on the yield of HMF at
different reaction time was investigated and the results were
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Fig. 9 Effect of catalyst amounts on the yield of HMF. Reaction
conditions: 0.5 g of fructose, Fe30,4,@SiO,@mMSiO,-TaOPOy, 0.5 mL of
H>0, 4.5 mL of 2-pentanol, 3 h.
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listed in Fig. 10. The highestyield of HMF was 81.8% with 5 wt%
substrate concentration after reaction for 1 h, and then
decreased sharply to only 48.1% when the reaction time was 6 h.
It was indicated that HMF was difficult to maintain at low
substrate concentration, which was mainly due to the occurred
oligomerization and degradation reaction at low substrate
concentration. When the substrate concentration was 10 wt%,
HMTF obtained the highest yield of 84.1% after 2 h. Then, with
the extension of reaction time, the yield of HMF decreased
gradually (from 84.1% to 76%). When the substrate concen-
tration was 20 wt% and 30 wt%, the HMF yields of 56.0% and
42.1% were obtained after 2 h, respectively. The optimum
substrate concentration was 10 wt%. At this substrate concen-
tration, the yield of HMF can remain stable for a long time,
which is convenient for industrial production applications.
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Fig. 10 Effect of substrate concentration on the yield of HMF. Reac-
tion conditions: fructose, 0.1 g of Fez0,@Si0,@mMSiO,-TaOPO,
catalyst, 0.5 mL of H,O, 4.5 mL of 2-pentanol, 120 °C.
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Reaction temperature

The effect of reaction time at different reaction temperatures on
the yield of HMF was investigated. The yield of HMF at 100 °C
was only 10.9% after 0.5 h. When the temperature was 130 °C,
the yield of HMF increased to 78.3%. This showed that the
higher temperature was beneficial to the yield of HMF.** The
highest yield of HMF was 85.4% at 120 °C for 2 h. The yield of
HMTF decreased obviously with increase of reaction time, which
was mainly due to the further polymerization and degradation
of HMF. Due to the attachment of humins to the catalyst surface
at high temperature, the colour of catalyst changed from
reddish-brown to black. It has been reported in the literature
that HMF was difficult to maintain stably in acidic media at
higher temperatures.®” The optimum reaction temperature was
120 °C (Fig. 11).

Reusability

Reusability of catalyst was evaluated and the results were shown
in Fig. 12. The catalyst could be easily separated from the
system due to its magnetic. The operation of catalyst circulation
was showed in experimental. The yield of HMF decreased
slightly from 84.2% to 80.1% after 7 cycles. This indicated that
the acidity of reused catalyst was not significantly weakened.

Simultaneously, a magnification experiment was carried out
to verify the applicability of catalytic system. The operation of
scale-up experiment was listed in Experimental part. 10.3 g of
crude HMF with a purity of 60% was obtained by using 15 g of
fructose feedstock. The crude product was purified by flash
column chromatography (EtOAc/n-hexane = 1:1) and 51.3%
total yield of HMF was obtained. The catalytic system exhibited
better amplification effect and had certain industrialization
potential.

Reaction pathway

Much effort has gone into revealing the mechanics for the
dehydration of fructose to HMF Lewis or Brgnsted acid.®® The
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Fig. 11 Effect of reaction temperature on the yield of HMF. Reaction
conditions: 0.5 g of fructose, 0.1 g of Fez0,@SiO,@mSiO,-TaOPO,4
catalyst, 0.5 mL of H,O, 4.5 mL of 2-pentanol, 120 °C.
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Fig. 12 Effect of recycle times on the yield of HMF. Reaction condi-
tions: 0.5 g of fructose, 0.1 g of Fez04@SiO,@mSIiO,-TaOPO, catalyst,
0.5 mL of H,0, 4.5 mL of 2-pentanol, 120 °C, 3 h.
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Scheme 1 Probable reaction pathway.

dehydration efficiency of p-fructose was generally closely related
to the acidity of the catalyst. However, the product selectivity
was found to be affected by various factors such as catalyst
structure and solvent effects through optimization of the
conditions. Therefore, cyclic furan and enediol intermediates
are proposed to explain the mechanism of p-fructose dehydra-
tion.** As shown in Scheme 1, under proper proton acidity, the
first and third water molecules can be directly lost. However, the
loss of the second water molecule was selective and required the
help of chemical forces. In our catalytic system, due to the
presence of phosphate, the catalyst may interact with p-fructose
or intermediates via hydrogen bonding and nucleophilic
interactions, resulting in the production of HMF with high
selectivity.

Conclusions

Herein, a magnetic Fe;0,@Si0,@mSiO,-TaOPO, catalyst for
the preparation of HMF in 2-pentanol solvent was developed.
The structures of catalysts were characterized by FT-IR, TEM,
EDS, SEM, XRD and VSM. The tem images showed that the
catalyst had a uniform spherical structure. The densely middle-
layer silicon structure could stabilize the morphology of catalyst

© 2022 The Author(s). Published by the Royal Society of Chemistry
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and protect the magnetic core. The catalyst possessed
a moderate ratio of Brgnsted acid sites and Lewis acid site due
to the P/Ta value was 0.85 according to EDS spectra. The 2-
pentanol solvent is not only conducive to the production of
HMF, but also enables the reaction to be carried out at a lower
pressure. The excessive amount of water and higher tempera-
ture were not favourable to the production of HMF owing to the
formation of humins and degraded carboxylic acid products.
The highest yield of HMF (85.4%) was obtained under 10%
substrate concentration at 120 °C for 2 h. Catalysts can be easily
separated by magnetism. The slight decrease in catalyst activity
after 7 cycles was mainly due to the loss of catalyst during the
cycle operation. Simultaneously, the total yield of HMF was
51.3% after scale-up to 15 g of fructose, showing the possible
industrial application potential of catalyst system.
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